Calcium ions are ubiquitous second messengers in living cells and contribute to physiological and developmental events (1-3). In plants, changes in cytosolic free Ca 2ϩ concentration ([Ca 2ϩ ] i ) are associated with mechanical and thermal disturbances (3, 4) and response to pathogens (5) and nodulation (6), and are central to hormonal physiology, including that of abscisic acid (ABA) (7). Changes in [Ca 2ϩ 
Calcium ions are ubiquitous second messengers in living cells and contribute to physiological and developmental events (1) (2) (3) . In plants, changes in cytosolic free Ca 2ϩ concentration ([Ca 2ϩ ] i ) are associated with mechanical and thermal disturbances (3, 4) and response to pathogens (5) and nodulation (6) , and are central to hormonal physiology, including that of abscisic acid (ABA) (7) . Changes in [Ca 2ϩ ] i influence ion channel gating (1, 7, 8) , and affect light-mediated gene expression (9) , cell differentiation, elongation, and tip growth (3) .
In stomatal guard cells, the best-characterized higher-plant cell model, downstream targets of [Ca 2ϩ ] i and their role in stomatal function are well defined. Increasing [Ca 2ϩ ] i is known to inactivate inward-rectifying K ϩ channels (I K,in ) and to activate Cl Ϫ channels, events that bias the plasma membrane for solute efflux, which drives stomatal closure (7) . Changes in [Ca 2ϩ ] i have been associated early on with ABA and other physiological stimuli including CO 2 and the growth hormone auxin (7, 10) . Furthermore, [Ca 2ϩ ] i has been observed to oscillate (11) , a characteristic that may constitute a ''Ca 2ϩ signature'' to encode specific responses (12, 13) . However, even in the case of the ABA, stomatal closure has never fully correlated with [Ca 2ϩ ] i (7, 14, 15) . Thus, basic knowledge of factors that initiate [Ca 2ϩ ] i changes and their control is still lacking.
Independent studies have shown that the membrane voltage of guard cells commonly resides in one of two quasi-stable states (16, 17) , one situated close to and positive of the K ϩ equilibrium voltage (E K ), and the second characterized by hyperpolarized voltages well negative of E K . Rapid transitions between these two states occur spontaneously, depolarizations from the hyperpolarized state are potentiated by stimuli including ABA (16, 18, 19) , and oscillations between states occur similar to cardiac action potentials but with periods of tens of seconds to minutes (16, 18 
MATERIALS AND METHODS
Plant Material. Vicia faba L., cv. (Bunyan) Bunyard Exhibition, was grown and epidermal strips were prepared as described previously (19) . All operations were carried out on a Zeiss Axiovert microscope fitted with ϫ40 long working distance Nomarski differential interference contrast optics (Zeiss) with strips bathed in flowing solution (10 ml͞min Ӎ 20 chamber vol͞min) at 20-22°C. The standard medium was prepared with 5 mM Mes titrated to its pK a (6.1) with Ca(OH) 2 (final [Ca 2ϩ ] Ӎ 1 mM). KCl was included as required. In some experiments, Mes buffer was titrated with KOH, and CaCl 2 or MnCl 2 was added separately. Buffers and salts were from Sigma.
Electrophysiology and Ca 2؉ Measurements. Electrical recordings and injections were achieved with four-barreled microelectrodes coated with paraffin to reduce electrode capacitance. Microelectrode barrels were filled with 200 mM KOAc, pH 7.5 (19) , except for one barrel used in Fura2 loading that contained 0.1 mM Fura2 (20) . Connection to the amplifier head stage was via a 1 M KCl͉Ag-AgCl half-cell, and a matching half-cell and 1 M KCl-agar bridge served as the reference (bath) electrode. Membrane currents were measured by voltage clamp under microprocessor control (LAB͞ LAN, WyeScience, Wye, Kent, U.K.) using step and ramp protocols (sampling frequency, 2 kHz) (19) . Voltage and current were also sampled at low frequency (64 Hz) concurrent with measurements of [Ca 2ϩ ] i .
Cytosolic-free [Ca 2ϩ ] was determined by fluorescence ratio with an AI700 intensified-CCD camera (Applied Imaging, Sunderland, U.K.) or with a Cairn microphotometer and 75 W xenon lamp (Cairn, Faversham, U.K.) using the dye Fura2 (Molecular Probes) excited at 340 nm and 390 nm (Schott, 10 nm half-bandwidth) after filtering with a 520-nm cut-off filter (Schott) to avoid chlorophyll fluorescence (20) . In microphotometric recordings, fluorescence was recorded from onethird of the cell using a slit diaphragm to exclude microelectrode fluorescence. Fluorescence was corrected for background before loading. Photometric and image analyses were carried out with real-time-extended versions of CAIRN-CF and AI software. Dye loading was by iontophoresis and was judged successful by visual checks for cytosolic dye distribution and by stabilization of the fluorescence ratio signal (20) . Estimates of dye loading indicated final Fura2 concentrations Ͻ10 M (20) . Measurements were calibrated in vitro and in vivo after permeabilization (20) . (Fig. 1B) . In this case, voltage clamp records showed that the rise in [Ca 2ϩ ] i was accompanied by dramatic reductions in the magnitude of the membrane current. At these voltages the membrane is dominated by current through inward-rectifying K ϩ channels, I K,in , that are inactivated by Ca 2ϩ (20) . The [Ca 2ϩ ] i rise also activated Cl Ϫ channels (22) , which was evident as an increase in steady-state current at the end of the voltage steps (Fig. 1B) [ ] i increases although the effect was less pronounced (Fig. 3A) , probably because binding and unstirred layers in the cell wall make it difficult to wash out Ca 2ϩ over the time scale of these recordings (23 (Fig. 3D) was (Fig. 3D, lower ] i rise at the cell periphery. Indeed, during shorter voltage steps, such as those shown in Fig. 3C, [Ca 2ϩ ] i dissipated throughout the cell once the membrane voltage was returned to Ϫ50 mV (Fig. 4e) .
RESULTS

Oscillations in [Ca
The (27) to data points during the voltage step, were 4.7 Ϯ 0.4 s at the periphery and 11 Ϯ 1 s within the cell center. The [Ca 2ϩ ] i also recovered more rapidly in the central region once the voltage was returned to Ϫ50 mV: maximal rates for [Ca 2ϩ ] i recovery were 18 Ϯ 1 and 9.1 Ϯ 0.7 nM͞s in the central and peripheral regions, respectively, although relaxations gave statistically equivalent half-times (periphery, 31 Ϯ 3 s; center, 29 Ϯ 1 s) when fitted by least-squares to a sigmoid function (27) . Similar results were obtained in four independent experiments, and neither the initial rise in [Ca 2ϩ ] i nor its propagation or recovery was seen to depend on microelectrode position.
Membrane channels at the guard cell plasma membrane (7) . ABA treatment does not always lead to a rise in [Ca 2ϩ ] i , however, and this variability has been thought to relate to the physiological ''history'' of the plant (14) . Because ABA also depolarizes those guard cells with initially negative membrane voltages (16, 19) , the parallels with the results outlined above suggested that ABA might interact with the voltage parameter to trigger [Ca 2ϩ ] i changes.
To test this hypothesis we recorded [Ca 2ϩ ] i increases evoked by membrane hyperpolarizations before and again in the same guard cells after treatments with 20 M ABA. The ratio of Fura2 fluorescence averaged over the entire cell was used to estimate the overall maxima, rise to peak, and decay on returning the membrane voltage to Ϫ50 mV after 20-s hyperpolarizing voltage steps. The threshold evoking a rise in [Ca 2ϩ ] i was determined in similar experiments by driving the voltage in slow, 1-or 2-min ramps from Ϫ50 to Ϫ200 mV and was estimated by comparison with the resting [Ca 2ϩ ] i recorded before the start of each ramp. Fig. 5A shows the Fura2 fluorescence ratios recorded during voltage ramps from one cell before and after addition of ABA. Fig. 5B summarizes the results of similar measurements from a second guard cell challenged with voltage steps from Ϫ50 mV to Ϫ180 mV. ABA had no significant effect on the time to peak (Fig. 5B ) but displaced the voltage threshold eliciting a [Ca 2ϩ ] i rise by ϩ43 mV (Fig. 5A) . Means Ϯ SE for the voltage thresholds were Ϫ119 Ϯ 5 mV before and Ϫ80 Ϯ 6 mV after ABA treatments (n ϭ 11 cells). ABA also increased the amplitude of the [Ca 2ϩ ] i rise on voltage steps to Ϫ180 or Ϫ200 mV by roughly 2-fold (2.1 Ϯ 0.2-fold, n ϭ 9 cells) and slowed the [Ca 2ϩ ] i recovery once membrane voltage was returned to Ϫ50 mV (Fig. 5B) . 
DISCUSSION
That hyperpolarization triggers [Ca 2ϩ ] i increases in Vicia guard cells firmly establishes a coupling between membrane voltage and the Ca 2ϩ second messenger in a higher-plant cell. We found that [Ca 2ϩ ] i in the guard cells was strongly dependent on the prevailing voltage, whether free running or under voltage clamp (Figs. 1 and 2) , and that voltage steps beyond a narrow threshold were sufficient to trigger [Ca 2ϩ ] i increases, which continued to rise even after subsequent depolarization (Fig. 3) . These [Ca 2ϩ ] i increases were characterized by a centripetal wave of high [Ca 2ϩ ] i originating at the cell periphery on stimulation (Fig. 4) , they were augmented in proportion with [Ca 2ϩ ] o (Fig. 3) , and they were associated with the quenching of intracellular Fura2 fluorescence by extracellular Mn 2ϩ during the period of negative voltage steps (Fig. 3) .
The observations imply a voltage-activated Ca 2ϩ influx that evokes an elevation of [Ca 2ϩ ] i . In animal cells, the coupling of voltage-evoked Ca 2ϩ influx to [Ca 2ϩ ] i elevation is a familiar feature of Ca 2ϩ -induced Ca 2ϩ release (CICR) (2, 13). Nonetheless, our data differ in some respects from those obtained from animals. We found that [Ca 2ϩ ] i increases in the guard cells were evoked at voltages negative of Ϫ120 mV, that [Ca 2ϩ ] i generally rose appreciably only after 2-5 s, and that it relaxed after stimulation with half-times as much as an order of magnitude slower than those found in many animal cells. Voltage-evoked CICR in neuromuscular tissues is normally triggered by membrane depolarization that activates Ca 2ϩ influx through pharmacologically distinct, L-type Ca 2ϩ channels (2, 28, 29) . Intriguingly, the evoked [Ca 2ϩ ] i increases in guard cells have proven preferentially sensitive to external calcicludine that blocks L-type Ca 2ϩ channels and to block by ryanodine, which inhibits CICR in neuromuscular tissues (A.G. and M.R.B., unpublished data). So despite the differences in voltage sensitivity and kinetics, it is possible that the voltage-evoked [Ca 2ϩ ] i rise in guard cells shares some features in common with the animal models.
In fact, the sensitivity to negative voltages may be a common feature of plant plasma membrane Ca 2ϩ channels that effect [Ca 2ϩ ] i changes. Stoeckel and Takeda (30) reported a similar inactivation of inward-rectifying K ϩ channels in Mimosa (compare Fig. 1B ) that was relieved by Gd 3ϩ , and proposed that Ca 2ϩ channel activation and a rise in [Ca 2ϩ ] i mediated this effect. Hyperpolarization-activated Ca 2ϩ -permeable channels also occur in tomato plasma membrane (31) . However, the activation by negative voltages contrasts with Ca 2ϩ channels of wheat root membranes (24) . Both the acute voltage sensitivity and [Ca 2ϩ ] i relaxation kinetics also clearly distinguish the present data from those in one previous report of [Ca 2ϩ ] i transients in Vicia guard cell protoplasts (32) .
The voltage sensitivity of the [Ca 2ϩ ] i rise allowed us, under voltage clamp, to define precisely its initiation at the cell periphery and its centripetal propagation in a wave of high [Ca 2ϩ ] i (Fig. 4) ] i kinetics (below). However, comparison of these previous reports with our observations is difficult, given the differences in temporal resolution. Even taking into account the initial delay in [Ca 2ϩ ] i rise centrally, its speed of passage within the cell (Fig. 4) implies that measurements taken over intervals of minutes (10, 35) would have missed these early events.
Most remarkable was our finding of a concerted action of voltage and ABA in potentiating the [Ca 2ϩ ] i signal. Within 2-3 min, treatments with ABA dramatically reduced the negative voltage threshold evoking a rise in [Ca 2ϩ ] i -by as much as ϩ48 mV-and increased the mean peak amplitude of the [Ca 2ϩ ] i rise as well as slowing its recovery after voltage stimulation (Fig. 5 ). These observations point to a dual role of ABA (i) in augmenting early events associated with Ca 2ϩ influx and (ii) in altering the processes that underlie intracellular [Ca 2ϩ ] i control and Ca 2ϩ resequestration. Although at present the data do not exclude other possibilities, targets of ABA action may include the voltage dependence of gating for the Ca 2ϩ influx pathway itself and activation of intracellular Ca 2ϩ release elements by protein phosphorylation (36) .
Voltage also appears to be a determining factor for [Ca 2ϩ ] i increases evoked by ABA. It was suggested previously that the [Ca 2ϩ ] i response to ABA depends on the physiological ''history'' of the plant (14) , because increases in [Ca 2ϩ ] i have never fully correlated with stomatal closure (10, 32, 35) . However, membrane voltage differs between cells, and its distribution between voltage states in a population of guard cells shows seasonal variability (16, 37, 38 (16, 17) . These events arise through periodic fluctuations in the activities of the K ϩ and anion channels (18) that are similar to those of the action potentials in Characean algae (21) . Because unlike animals cells action potentials in plants lead to a net loss of solute, they offer a means to eliminating excess osmotic potential. Therefore, one function of coupling [Ca 2ϩ ] i to membrane voltage may be to entrain K ϩ and anion channel currents, providing the feedback necessary to ''fine-tune'' channel activities for osmotic balance (17) .
Membrane voltage also may be seen to prime the [Ca 2ϩ ] i signal for stomatal closure in ABA, adapting the [Ca 2ϩ ] i signal output on ABA stimulation to the prevailing requirements for solute flux. For effective control of the ion channels and solute flux, it is important that second messenger ''signatures'' correctly reflect the prior transport status of the cell. One consequence of raising [Ca 2ϩ ] i is to activate anion channels at the plasma membrane (7, 8) , which in turn drive the membrane positive of E K for solute loss and stomatal closure. So, if the function of a rise in [Ca 2ϩ ] i is to trigger membrane depolarization when the voltage is well negative of E K , the same [Ca 2ϩ ] i rise will be superfluous should the membrane already be situated at a voltage positive of E K and, hence, biased for solute loss. Thus, in the simplest sense, we propose that on ABA exposure, cells with previously hyperpolarized voltages show a large [Ca 2ϩ ] i rise (and membrane depolarization), whereas those with low voltages do not.
In (11, 39) . Finally, they raise questions about mechanisms of Ca 2ϩ influx, its intracellular release, and the spatial and kinetic characteristics of each.
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